Plants from several families (Chenopodiaceae, Gramineae, Compositae) accumulate betaine (glycine betaine) in response to salt or water stress via the pathway: choline -) betainal (betaine aldehyde) -* betaine. Betaine
accumulation is probably a metabolic adaptation to stress. Intact protoplasts from leaves of spinach (Spinacia okracea) Quaternary ammonium compounds such as betaine (glycine betaine) are accumulated by many organisms that face saline or dry environments (1) (2) (3) (4) ; these organisms include halophilic bacteria and blue-green algae, invertebrates, vertebrates, and higher plants. It is probable that quaternary ammonium compounds are metabolically inert solutes that are compatible with normal cell function when present at high concentrations; this property fits them for use as internal osmotica in environments of low water potential (1, 2) . Wyn Jones et al. have suggested that betaine is confined largely to the cytoplasm in higher plants (1, 5) . Higher plants that accumulate betaine include chenopods, grasses, and composites (5) . In most cases, there is a low constitutive level of betaine in unstressed plants, and water or salt stress provokes a several-fold increase (6) . Much indirect evidence indicates that stress-induced betaine accumulation by higher plants is a metabolic adaptation to stress (7, 8) .
In vivo radiotracer studies of both unstressed and stressed plants (6) show that betaine is synthesized in leaves by a two-step oxidation from choline:
Choline betainal (betaine aldehyde) -> betaine.
The betainal pool is very small (9, 10). Betaine is not detectably catabolized in vegetative tissues (11, 12) , which implies that the betaine titer is governed mainly by the rate of synthesis.
The probable adaptive value of betaine accumulation, the two-step biosynthesis, and the advent of molecular-genetic tools for manipulating simple metabolic pathways have drawn attention to the genes for betaine synthesis. At this time they are among the few rational candidates for "stress resistance" genes in higher plants (7, 8) . However, although mammalian and microbial enzymes that oxidize choline to betaine are well known (6, 8) ,ug/ml (=isolation medium), 1.5% Macerase (Calbiochem), 1% cellulase (Worthington), and 0.2% fatty-acid-free bovine serum albumin, adjusted to pH 5.5. Standard filtering, washing, and flotation steps (14) under sterile conditions were used to isolate intact protoplasts; these were resuspended in the isolation medium at pH 5.8. The same procedure was used for sugarbeet leaves but modified for pea leaves as follows: a 30-min digestion, with Macerase reduced to 1%, was used; and in the flotation step (14) , the two lower layers were changed to 0.5 M sucrose with 23% and 11.5% Percoll. Photosynthetic activity of protoplasts was monitored with an 02 electrode. Data from preparations were discarded if microbial contamination was more than two viable organisms per 104 protoplasts (nutrient broth agar and potato dextrose agar plates). Experiments were repeated with several protoplast preparations.
Organelle Preparation. Protoplasts were resuspended [ca. 1 mg of chlorophyll (Chl) per ml] in lysis medium (0.4 M sorbitol/50 mM Hepes/KOH, pH 7.6/1 mM Na2EDTA/0.2% fatty-acid-free bovine serum albumin/10 ,g of chloramphenicol per ml. The lysis procedure (14) used 15-,um nylon mesh.
Lysates were fractionated by differential centrifugation or by a Percoll step procedure for intact chloroplasts (15) . Particulate fractions were resuspended in lysis medium. Standard
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. methods were used to estimate Chi (16), catalase (17) , cytochrome c oxidase (18) , and chloroplast intactness (19 To help interpret "4C-labeling data, endogenous pools of choline, betainal, and betaine were measured in spinach protoplast preparations ( differential centrifugation of lysates, choline-oxidizing activity all sedimented with Chl-containing fractions (Fig. 2) . Chloroplasts purified by a Percoll step were greatly depleted in catalase and cytochrome c oxidase but rich in cholineoxidizing activity ( Table 2 ). Note that apparent recoveries of [14C]choline-oxidizing activity of >100% are a likely consequence of endogenous choline depletion in purified chloroplasts (Table 1 ). Light promoted [14C]choline oxidation by spinach chloroplasts (Fig. 3 and Table 3 ); DCMU eliminated this promotion and also somewhat inhibited choline oxidation in darkness ( (Fig. 4 Left). Addition of 2 mM NAD+ or NADP+ to the supernatant increased [14C]betainal oxidation 3-to 5-fold; this pyridine nucleotide-dependent activity could have come, at least in part, from broken chloroplasts (see chloroplast intactness values in the Fig. 4 legend) (0) by spinach chloroplasts in the dark (A) and light (B). The chloroplasts were isolated from the protoplast preparation of Fig. 1 (12, 24) .
A chloroplast site for choline oxidation is interesting from the viewpoint of comparative biochemistry. In mammalian liver, choline oxidation is mitochondrial; the first enzyme is an inner-membrane flavoprotein (choline dehydrogenase), the second an NAD+-linked betainal dehydrogenase present in the matrix (20, 25) . Several microorganisms oxidize choline in an analogous way (8, 26) , whereas in others a single soluble enzyme (choline oxidase) may catalyze both steps (27, 28) . Thus, the enzymes of choline oxidation in cheno- A
